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NOMENCLATURE

A — Rate of direct formation of H, or D, in radiolysis of H,0 or D,0,
moles, éfl, sec~1.

B — Rate of direct formation of OH or OD in radiolysis of H,0 or D,0,
moles, ﬂ‘l, sec-t,

C — Rate of direct formation of H,0, or D202 in radiolysis of H20 or D,0,
moles, 2-1, sec-t.

F — Rate of direct formation of e; in radiolysis of H,0 or D,0, moles,
l'l, sect. 4

Feff — Effective rate of formation of e;q as used in Bq. 10, p. 18.

I — Rate of absorption of radiation energy, w/cc.

K,K, K, and K, — Constants defined in text.

’7

K — Ratio of pressure of H, or D, to that of O, in autoclave with gas
space.

L — Rate of direct formation of HO, or DO, in radiolysis of H,0 or D,0,

moles, £~%, sec-?.

IITR — Low Intensity Test Reactor.

M — Signifies molar. Also used as an abbreviation of moles in expres-
sions of units such as M, Z'l, sec-t and sec*l, M-l, £.

(P) — Summation of concentrations of radiolytic products of water, M.

® o~ Summation of steady-state concentrations of radiolytic products
of water, M.

P -~ Pressure.
P'— Pressure of gas prevailing in autoclave with gas space, psi.

R — Gas constant — 1.21 psi, £, mole-!, °K-1.

S+n — Designates oxidized form of solute cation.

S+(n-l) — Product of addition of one electron to oxidized form of solute

cation.
T — Temperature, ‘K.

Vg — Volume of gas space in autoclave, £.

Vz-— Volume of ligquid in autoclave, £.




a — Concentration of solute, M.
a — Concentration of excess oxidant (H,0, or 1/2 0,), M.

- — Concentration of excess hydrogen, M.



An Evaluation of The Chemical Problems
Associated With The Aqueous Systems in The
Tungsten Water Moderated Reactor, Addendum 1.

G. H. Jenks, E. G. Bohlmann, and J. C. Griess

I. Introduction

Additional considerations have been made of methods of predicting
the effects and extent of radiolysis of water and solutions in the TWMR
from experimental dats which might be obtained at much lower intensities
in existing reactors. The work has included consideration of: (1) ex-
perimental and theoretical information on the relationship between in-

tensity, I, and concentrations of radiolytic products, (P) in pure

ss’
water, (2) reactions which might occur in solutions under irradiation
and the effects of these reactions on the relationship between I and
(P)ss’ and on the relationship between I and factors which might affect
the stability of the solution, (3) the relationships between radiolytic
behavior of solutions and water caused by fast electrons and by reactor
radiations, and (4) feasible experiments which would yield information
from which the behavior of solutions under irradiation in the TWMR
could be predicted. Calculations employing a revised computer-code
were made to determine the relationship between I and radiolytic be-
havior for certain assumed conditions. The results of these were then
used as bases for estimating behavior under other assumed conditions.
Considerations of radiolysis under fast electron irradiation were made
in order to determine whether the results of feasible Van de Graaff ex-

periments at intensities ranging up to those which will prevail in the

TWMR could be used to establish the relationship between I and (P)ss
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and between I and solution stability during reactor irradiations.

Thié additional work was prompted initially by the need to have a
clearer understanding of how data obtained in low-intensity reactor ex-
periments, such as those suggested previously,l would be employed in
determining the extent of water decomposition at TWMR intensities, and
by a desire to learn whether experimental information on water decompo-
sition obtained at two or more intensities in reactors could be ex-
trapolated directly to TWMR intensities. However, some possible, but
previously unrecognized, aspects of radiolysis of solutions have sub-
stantially influenced the direction of the work. In particular, it has
been recognized that if certain likely combinations of rate constants
for the reduction and oxidation of solute-cations preveil, a large
fraction of the cations will be in the reduced form at the steady-state.
Since the presence of reduced material may affect the extent of solvent
decomposition as well as the solution stability, as will be discussed
later, it Las been necessary to consider methods of testing the effects
of reduced solute and of predicting the effects at TWMR intensities.
For reasons which will be presented later, circulating loop experiments
of the type suggested previouslyl are not suitable for studying radi-
olysis of solutions in which substantial reduction may occur.

The purpose of this addendum is to present the results of this ad-

ditional work.

II. Calculations
The computer code described previously2 was modified to include

reasctions 24 and 25.




.

2h, e~ +8™ . S+(n'l)
aq

25' OH + S+(n‘l)-—.....;. +n

s 4+ o™

where S+n represents the solute species included in the initial solu-

tion (sm'S, ca’3, ca*?, H;80,) and g+(n-1)

of this specles. These reactions were included by adding terms to the

represents the reduced form

appropriate equations expressing the equality of rates of formation and

disappearance of a radiolytic specieieas shown in the following:

B / k (e
() Heag) o raute )ss
dt 0=X ak2h(e aq)ss kQL e aqsss k, (OH)ss
a(oH) ., . keh(e-aq)ss
(10) at 0=X- akzs(OH)ss keu(e-aq)ss + k25 (OH)Ss
(7b) 2(}12)53 * (e-aq)ss + (H)SS + ak21t(e-aq)ss + 2 =

kEM(e-aq)ss * k25 (OH)ss

-2(H202)SS + l+(o2)SS + 3(HO + (OH)Ss

2)ss

where, a, is the concentration of solute-cations, (S+n)SS + (S+(n'l))

X and Y represent the terms in these equations as written previously,
and kEM and k25 are the rate constants for reactions 24 and 25. Eq. 7o
is the material balance equation and has been modified to include the
concentration of reduced solute. Terms for the concentrations of the
radicals e-aq’ H, and OH were also added to make the equation complete.

It may be noticed that the formation of an appreciable concentration of

+(n-1) -
reduced species, ((S )S equal to ak,), aq)ss/( Eh(e aq)ss +

k25(OH)ss) has the same effect on the material balance equation as the

+n-1) .
introduction of excess oxidant at a concentration equal to 0.5(S &11))88.

*
See Appendix 1.
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All of the previously2 employed equations and reactions involved are
listed in Table 1. Egs. 5b, 1b, and 7b are revisions of Egs. 5, 1, and
7 of Table 1.

Rate constants for 90°C, estimated previously2 for all reactions
except 24 and 25, were used in all calculations. The values used for
rates of production of radiolytic species are listed in Tebles 2 and 3.
The electron-radiation values were based on an IET-value of 0.02 ev per
E and G-values used previouslyl for this IET. The reactor values were
based on: (1) an assumed ratio of 2 for the energy deposition rates from
neutrons and y-rays, (2) assumed LET-values of 8.5 and 0.02 ev per K for
neutrons and y-rays, respectively, and (3) G-values used previouslyl for
radiations with these IET-values.

In one portion of the work reported here, it was of interest to
extrapolate experimental data at a temperature of 36°C to a temperature
of 90°C. The information illustrated in Fig. 1 was employed for this
extrapolation. The upper curve represents calculated values for the
(Hp_)ss in the HFIR core at several temperatures. These values were cal-
culated using a computer code and estimated activation energies for rate
constants as reported previously.2 The points falling near the lower
curve are those reported by Hochanadel3 for the pressures observed in a
capsule of water in the ORNL graphite pile at several temperatures. The
dotted curve is drawn parallel to the upper curve. There is substantial
agreement between the calculated and experimental values for relative

pressures at different temperatures.
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III. Relationship Between (P)SS and I in Water.

A, Calculated Values

Calculated values for the steady-state concentrations of radioly-
tic products in pure water under exposurs to reactor radiations and to
electrons at several intensities are listed in Tables 4 and 5. The
(H2)ss values are plotted vs the square-root of intensity in Fig. 2.
For each type of radiation the points fall near a straight line repre-
sented by the equation,

(1) (5, = a?,

where K is a constant for a given type of radiation.

The (H+) was assumed to be zero for the electron calculations and
lO'iM for the reactor calculations. Since the only reaction for Hf in-
cluded in the code is the reaction with e'aq and since the rate

constants for reaction of H.O,, O,, and H+ with this radical are ap-

22 27
proximately equal, it was assumed that the effect of the H+ was neglig-
ible in the reactor calculations even at the lowest intensity ((He)ss
equal sbout lO-uM). This assumption was verified by the results of one
calculation for 2.5 w/cc in which it was assumed that (H+) equaled 0.0,

L

As shown in Table h, the calculated (H in this case was 2.17 x 10°'M

2)ss
compared with the value of 2.23 x 1o'L‘M found when (H+) was 107°M. With
electron irradiations, for which (Hé)ss values were near lO'SM, the low

(H+) is more important as will be illustrated in a following paragraph.
The slight deviations of the calculated values from a straight line are
probably the result of small deviations from strict proportionality be-

tween the assumed rates of production of radiolytic species and I.



B. Discussion
Ghormleyu and Schwarz5 have demonstrated experimentally that the

steady-~state concentrations of H Oa,and H202 produced in pure HQO by

2}
absorption of electron esergy increase as the square-roct of the rate
of energy absorption. That is; the relationship between concentration
and power density is of the general form of Eq. 1. Maximum power
densities of about 1 and 15 w/cc were employed by the respective in-
vestigators. Temperatures were near room temperature. Schwarz5 has
argued that a square-root relationship of the form of Eq. 1 prevails
for all the radiolytic species when the equations expressing equality
between rates of formation and destruction of radiolytic species are of

the general form illustrated in Eq. 2, and when the excess oxidant

concentration is zero.

(2) GHQI - k12(0H)ss(H2)ss

In pure water, the equations deduced from the known reactions are of
the form of Eq. 2, and Schwarz argued5 that a square-roct relationship
is expected to prevail. The calculations made with the computer code,
in which the assumed reactions for pure water are also of the form of
Eq. 2, confirm the square-root relationship for reactor radiations and
electrons. Accordingly, the square-root relationship of Eq. 1 is be-
lieved to be well established for pure wﬁter. A relationship of the
same form will prevail for D20,'but the value of K will differ somewhat
from that for HEO since the relative and absolute yields of radiolytic

species differ somewhat between HQO and DEO,
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IV. Estimation of (He)Ss in Pure-Water Moderator of TWMR.

As previously reportedl and as shown again in Fig. 2, the (He)ss
at 150 w/cc of reactor radiations determined from estimated rate
constants and G-values is 1.7 X 1073 (~ 35 psi) at 90°C. Now that the
square-root relationship is firmly established we are able to provide
additional evidence in support of this calculated value. Allen and co-
workers6 measured a (He)ss of about 3 x 10"7M in pure water in capsule
experiments in the ORNL graphite reactor where a ratio of 2 prevailed

T

for neutron to y-ray energy deposition rates.7 The power density' was
about 5 x lO'3 w/cc and the temperature was presumably3 about 35°C. Ex-
trapolation of these results to 150 w/cc on the basis of a square-root
relationship leads to a value of 5.2 x 107°M Hy at 35°C. Adjustment of
these extrapolated values to 90°C on the basis of the information in
Fig. 1 leads to values illustrated in Fig. 3. As can be seen, these
extrapolated values differ from those estimated by computer-calcula-
tions by a factor of only 1.7. This is considered to be good agreement.

It has been argued previouslyl that the yields of radiolytic
products do not change substantially with power density up to 150 w/cc.
The validity of this argument is supported by the fact that calculated
values for 50 w/cc (1 neutron and 1 y-ray) in the ETR were in sub-
stantial agreement with the experimental values.l’2 The rate constants
are the only other parameters affecting steady-state concentrations in
pure water, and these are not expected to change with intensity.

The situation with respect to expected ( in the TWMR moder-

H
“2)ss

ator when the water is pure may now be summarized as follows: The
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(H2)ss may confidently be expected to be below the tolerable limit of
about 3 x 10'3M unless thevradiolytic yields change substantially upon
increasing the power density from ebout 50 to 150 w/cc. Experiments in
existing reactors will not provide any additional information on the
effects of power density or ylelds since the maximum reactor intensities
available for experimentation are thought to be in the range of 15 to
20 w/cc. Additional information on the I vs yields would be obtained
in experiments employing fast electrons at intensities up to 150 w/cc
as proposed in later paragraphs. Information will also be forthcoming
from the HFIR which will operate at & maximum of 100 w/cc in the moder-
ator. An in-pile éxperiment with H20 and/or D20 in which the ratio of
neutron to y-ray energy deposition rates in HEO is 2 and the tempera-
ture is 90°C will be needed as part of the investigation of radiolysis
in poison-control solutions as discussed in later paragraphs. This éx-
periment could presumably be carried out at LITR intensities (0.5 w/cc).
It may be noted that the radiolysis of the moderator can be sup-
pressed by the addition of excess H+ or H2 or both. AAlso, the addition
of radical scavengers at a concentration of lO'sM or less will probably
not increase (H2)ss above the tolerable level. These factors are dis-

cussed in following paragraphs.

V. Estimation of (H in Water Contelning Excess H2 and Exposed to

2)ss

Reactor Radiations.

The results of calculations of (H2 in water containing excess

)SS

H2 are illustrated in Fig. 4. The calculated concentrations of all

radiolytic species are listed in Table 4., The excess (HE) is given in
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the figure and table by the negative value of Q.
Substantial reductions in the extent of radiolysis and in the

(n can be accomplished by the addition of excess H2. The optimum

2)ss
concentration is apparently near 5 x lO-uM where the expected (HQ)ss
and (H202)ss at 150 w/cc of reactor radiations are 5.5 x lO'uM and

5 x 10"°M. The (O is negligible. It is evident that no further

2)ss

. . . T
decrease in (H2)ss with increasing (H2)excess above 5 x 10° M is

rossible.

VI. Estimation of (H in Water Containing 1 at Several

2)ss
Concentrations.

The calculated effects of converting some or most of the e-aq to
H by the addition of H+ to water are illustrated in Fig. 5. The calcu-
lations for reactor radiations show, somewhat surprisingly, that the
conversion of a substantial fraction of e-aq to H produces a substantial
decrease in (He)ss. It was anticipated that because of the relatively
low rate constant for reaction of H with H202 to produce OH, the
conversion would result in higher values of (H2)ss° However, the
results showed that the conversion also resulted in a lowered ratio of
(02)ss to (H202)ss and a lowered concentration of (HOE)SS. These
changes indicate that the importance of the chain reaction which
includes H.O2 formation and which leads to the removal of radicals was
reduced by the conversion. In the case of the electron irradiations
the conversion of a fraction of the e'aq to H resulted, as expected,

in a marked increase in (He)ss. It is not known whether a higher (H+)

would produce a beneficial effect under electron irradiation.
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It may be noted that the concentrations of radiolytic species in
solutions containing an appreciable (H+) do not follow an equation of
the form of Eq. 1. This is not surprising since the reaction of e-aq
with H% at a constant concentration is not of the general form of Eq. 2,

It should also be noted that one effect of the addition of H+ will
be to repress the ionization of HO2 and thereby decrease the rate of

interactions of HO2 to form H202 and O.. This change may alter the

2

calculated effects of acidification on (H2 Additional calculations

)ss'
and experiments are required to determine the actual effects of acid

on (HE)ss'

VII. Reactions in Poison Control Solution Under Irradiation.

In considerations of the radiolysis of the poison control solu-
tions it is necessary to include reactions which are known or which can
be postulated to occur between the radiolytic products of water and the
solutes. Reactions of probable importance are listed in Table 6 and
discussed in subsequent paragraphs. Other reactions which are less
likely to be of importance are listed in Table 7.

A, Reducing Reaction

The cations, Sm+3, Gdf3, Cdfe, and H3;BO3 are known to react with
e-aq and the rate constants for the ions but not for H3BO3 have been
reported, The reaction with HI3303 is thought to be of the dissociative
capture type}o primarily, since sodium tetraborate does not react with
e'aq.8 (It should be noted, however, that sodium tetraborate may react
with OHB). The reactions with Sm, Gd, and Cd are very likely of the

nondissociative capturelo type.
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The standard oxidation potential for Sm'3-Sm'> indicates a
possibility that Sm+3 may be reduced by H. Cadmium is not reduced by

11 3

H,” and it is here considered unlikely that Gd+ or H,.BO, are reduced

373
by H.

B, Oxidizing Reactions

The species formed by reaction of Sm, Gd or Cd with e'aq may be
re-oxidized by reaction with one or more different radiolytic species
or with H'. The latter reaction (No. 38) may not occur with Sm II.
Reaction 25 - The reaction with OH is designated as a radical-scavenger

reaction because the combination of this and the reduction reaction

leads to the removal of & radical pair, e'aq-OH.

Reaction 35 - Reactions of the reduced species with H is also a
scavenger reaction because this reaction results in the formation of

H, from reaction of e”  and H.
aq

Reaction 36 - Reaction of the reduced species with H2O2 leads to the

formetion of OH. This product would also have been formed if e-aq re-

acted directly with H20 Hence, no scavenger action results from

o
reaction 36.

Reaction 37 - Reaction of the HO2 with the reduced species probably
does not effect any scavenger action and may be somewhat beneficial.
These tentative conclusions are based on the consideration that HO2 is
formed in reactions that are not directly associated with the presence
of the solute, and that, normally, much of the HO2 reacts with OH to

form H,0 and O, (reactions 18 and 18b). That is, the HO, normally

2

takes part in a chain reaction which results in the formation of HEO
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from H and OH or e'aq and OH without recombination of any of the molecu-
lar products of radiolysis. The removal of HO2 in reaction 37 would

tend to break this chain.

Reaction 38 - Reactions of reduced species with H* to form H would not
effect a scavenger action.
Rate Constants - The rate constants for these possible oxidizing re-
actions are unknown. Rate constants for analogous reactions in which
other ions are oxidized are known and are included in Table 6. Con-
siderations of the rates for these other reactions suggest that re-
actions 25 and 35 will be fast, and that reactions 36 and 37 will be
much slower. No rate constants for reactions analogous to reaction 38
have been found in the literature, but considering the fact that two
positively charged ions react it seems likely that the rate of reaction
will be slow.

c. HESOH Reactions

It has been reported that HSOu' reacts with OH and the rate
constant has been given as shown for reaction 39. It is likely that
the oxidized species will react rapidly with e-aq’ H and S+(n'l) to
effect the combination of OH with a reducing radical and thus effect a

scavenger action.

VIII. Effects of Reactions 24 and 25 on Radiolysis of Poison-Control
Solutions.
As discussed in the preceding section (VII), it is established

that most of the solutes which have been suggested for poison-control
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solutions will be reduced by e-aq. The reduced Sm, Gd, and Cd will
probebly be re-oxidized in one or more of the reactions listed in Table
3. (Reaction 24 as used in this discussion symbolizes reaction 31, 32
or 33). Possible results of such reactions which are of concern are:
(1) an increase in the steady-state concentrations of molecular
products of water due to preponderance of those oxidizing reactions in
which radicals are destroyed (scavenged), and (2) the formation of an
apprecisble steady-state concentration of reduced species, (S+(n’l))ss,
due to relstively low rates of re-oxidation. The formation of appreci-
able (S+(n-l))ss is of concern for several reasons: (1) The solution
stability may be affected. For example, the +2 rare earth sulfates may
be very insolu'blel6 and thus might precipitate. In the case of cadmium,
the precipitation of Cd metal from CdSOh solutions under electron ir-
radiation has been cbserved experimentally,ll (2) An effective concen-

tration of excess oxidant equal to 0.5(S+(n'l))

would be formed, and
this would increase the extent of decomposition of water even in the
absence of a scavenger effect, and (3) The experimental requirements
for investigating solution radiolysis would be affected as discussed in
later peragraphs.

In order to provide some bases for estimating the extent of such
effects in TWMR solutions and to aid in the design of experiments to
determine radiolytic behavior at TWMR conditions, computer calculations
were made of steady-state concentrations for a variety of assumed values
of a, keh’ k25, I and @. Electron as well as reactor radiations were

employed in the calculations. Most of the results are listed in Tables

8-12, Values of (HE)ss are plotted vs Il/2 in Figs. 6-9. The results
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show that in the presence of the postulated scavenger action, the (He)ss

and (H 2) are appreciably greater than those prevailing in pure water
at the same intensities. However, the ratio of (H2)ss or (H202)ss in
the scavenger solution to that in pure water is not constant but
decreases with increasing I. The values of the ratio at 150 w/cc of
reactor radiations for the two different sets of rate constants are
about 2 and 2.7 compared with values of 14 and 22 at 0.5 w/cc (Fig. 6).

To a rough approximation, the calculated value of (H in scavenger

2)ss
solutions can be expressed by Eq. 3.
(3) 2)ss Kl + KI

where K is the same constant as that appearing in Eq. 1 and Ki is a
constant for given values of k 5, a, and for a given type of
radigtion, As stated previously the value of K is also dependent on
the type of radiation.

The (H202)ss is approximately equal to (H2)ss with reactor radi-

ations, that is, (O is negligible. However, under electron ir-

2)ss
radiation, (02)ss is appreciable. The relationship between the concen-
trations of radicals and I in scavenger solutions is not the same as
that for (He)ss or (H202)ss' This may be seen by considering the
relationship for (OH)ss' To a close approximation (OH)SS is given by

Eq. 4 which is derived from reaction 12, (Table 6 of ref. 1).

- A s
N

where A is the rate of direct formstion of HE in radiolysis. Sub-

stituting K21 for A and substituting from Eq. 3 for (H2)ss we have
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KQI

1/2
k) (K HKI )

(5) (om),, =

It may also be shown that the ratio of calculated (H202)ss to (OH)ss is
expressed roughly by Eq. 6 for reactor exposures,

2K, K K

6) (E)go Xy 1 1,

(OH)ss k2

and thus the value of the ratio decreases with increasing I as may be

+
1172 T

(K2 +

seen also by consulting the tabulated results of calculations. Al-

though Eq. 6 cannot be considered applicable for electron irradiation

because (H202)SS cannot be assumed e%;aé §o (H2)ss’ the results of the
2°2'ss
calculations show that the value of decreases with increasing
ZOH;ss
I by amounts comparable to those found with reactor radilations.
+(n-1)

Appreciable concentrations of S are formed with k2h and k2

l,M'l,z. However, very low

p)
8

equal to 4.7 x 10%° ana 3,7 x 10~ sec”

concentrations were found with kah and k.. equal to 2.2 x 109 and

25
b7 x 10, The values of (S+(n'1))ss do not change apprecisbly with
intensity of reactor radiations for either set of rate constants.
Under electron irradiation, a somewhat greater change in (S+(n-l))ss )
occurs with changing intensity.

Excess H2 may be very effective in reducing (H2)ss in scavenger
solution as may be seen in Figs. 8 and 9.

Additional understanding of the factors governing radiolysis in
scavenger solutions was gained from considerations of relationships

discussed in following peragraphs.

It has already been stated that, in pure water, the value of K in
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Eq. 1 is dependent upon the type of radiation employed.
. wrl/2
(l) (HE)SS = KI

This dependence results from the difference between the ratio of radi-
cal to molecular product yields for the different types of radiations.

For electron radiations where the ratio of Ge- + GoH to GH + G

aq 2 H202

is 4.9 the value of K given by the computer results is 4.6 x 10’61\11,1?,"l

2

(w/cc)-l/Q. The corresponding values for reactor radiations are 1.15

and 1.38 x 1o'u. These values suggest that the proportionalities shown

by Egs. 8 and 9 are approximately valid for these two types of radi-

2
A
(8) x @}%) ;
o x (4,

where A, C, B, and F are the rates of production of H

ations,

H OH and

2> B0,
e'aq. However, similar comparisons of values Of:(Hz)sS~calculated for
radiations in which in one case the ratio of neutron to y-ray energy
deposition rates was unity and in another case was two, indicates a
value of about 3.5 for the exponent rather than the value of 2. The
destruction of radicals by scavengers produces a reduction in the
nunber of radicals available for catalyzing the formation of water
from H2 and H202, and may be regarded as producing a reduction in the
effective ylelds of radicals, and thus in the effectivg values of the
ratios shown in Eqs. 8 and 9. The magnitude of the effective change in

F produced by scavengers can be estimated readily for the cases employ-

ing reactor radiations since the e'aq reacts principally with H202 and




-18-

S+n. The normal reaction is that with H202. The effective value of F

is that given by Eqg. 10.

+n -
Fk2h(s )ss(e aq)ss

+n - -
kEM(S )ss(e aq)ss + k9(H202)ss(e aq)ss

(10) Fop =F -

The final term is the expression for the rate of reaction of e-aq with
s*m,

Rearranging,
1 1( 72k ss

Feff F k9(H202)ss

(11) + 1

We may now write Egs. 12 and 13.

02 (A . &2 (2B e 2

Feff F kQ(HEOE)ss

K'Il/2 k2h(S+n)ss | 2

1l
TRK(B,0,)__
k9 H202 ss

Comparison of values calculated from Eq. 13 and by the computer code

(13) (B0,).,

shows that Eq. 13 is incorrect and that the values of the exponent must
be 5 to 6 rather than 2. However, Eq. 13 will serve as a basis for

estimating the qualitative effects on (H202)ss or (H2 of changes in

)ss
kzh’ k25’ and a.

Eq. 1k is another equation of interest which can be derived by

+(n-1)

equating rates of formation and disappearance of S and by sub-

stituting for (OH)SS from Eq. 4. It was assumed that (H202)ss equals
(H2)ss’ and a series expansion of a quadratic equation was employed in

the derivation.
+(n-1)
(1) & = (s )ss - ko (E ko ) a )
(S'l'n) o (S+n)ss k9 A kes (HQOETS

s
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The relationships indicated by Eq. 14 are in approximate agreement with
the computer results for case 1 (Table 8). However, for case 2 (Teble
9), in which the computer calculated values of (S+(n'1))ss/(s+n)SS are
about 10'3, Eq. 13 fails since the term in parentheses is negative.
The inclusion of additional terms in the series expansion might remedy
this. This equation is not valid fcr electron irradiations because the
assumption that (HEOE)SS equals (Ha) is not valid for these irradiations.
In spite of limited validity, Eq. 14 as well as Eq. 13 is of value in
estimating effects on radiolysis of changes in various parameters.

A qualitative explanation for the small difference between

(H at, say, 0.5 and 150 w/cc is evident from Eq. 13. As H,0

202)ss 22

increases slightly from the value at 0.5 w/ce, the fraction of e'aq

(or OH) which reacts with H 0, (or H2) rather than with the scavenger
increases so that the effective yield of radicals increases with 1n-
creasing (H202)ss' If the fraction did not change with increasing
(H202)ss (i.e., with increasing intensity), a square-root relationship
of the form of Eq. 1 would prevail.

An increase in the value of kah will effect a substantial in-

crease in (H2 unless (S+n)ss decreases proportionally. For case

02)58
2, in which the assumed values of keh and kp5 are 2.2 x lO9 and

b7 x lOlO, a factor of ten increase in the value of kzh would probably
not decrease (S+n)ss appreciably, but would increase (HZOE)SS. The

effects of changes in k2 maey be thought of as the effects of corre-

2

: : + .
sponding changes in (S n)ss° For case 2, a reduction of a factor of

+
ten for the assumed value will probably have little effect on (S n)SS
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although the fractional increase of (Sf

(n-l))ss is large (see Table 10
for case 3). Hence this postulated change ih k25 would not affect
(H202)ss appreciably. Change in the value of (a) for case 2 from 0.02M
to, say, 0.002 M would reduce (S+n)SS by a factor of ten at the least.
Accordingly, a marked reduction in (H202)ss would occur.
For case 1l in which the assumed values of kzh and k2

5
b7 x 10lO and 3.7 x 108, a factor of ten decrease in kzu would prcbably

are

increase the value of (§°7) significantly, and, thus, the effect of
58

this change on (H202)ss may be small. On the other hand, a change in

the value of k25

(S+n)ss, and, thus, in (H202)ss' An increase in the value of (a) for

would result in a change of the same direction in

case 1 would result in an increase in (S+n)ss, and, thus, in an increase
in (H;05)
IX. Possible Importance of Non-Scavenger Reactions.

Assuming that certain rate constants and/or combinations of
constants prevail, the non-scavenger-oxidizing reactions may be of
importance in the radiolysis and in the design of experiments as dis-
cussed more fully in this section,

A. Comparisons Between Reactions 25 and 36

1, Continuous Irradiation.

In order that essentially all of the reduced species reacts with
H202 rather than OH, it may be assumed the ratio of reaction rates must
favor the reaction with H202 by a factor of ten. The following

relationship must then prevail.
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+(n-l)) +(n-l))
SS

(15) k25(OH)Ss(S gs << 0.1 k36(H202)ss(S

Making the assumption that (H2)ss equals (H202)ss and substituting for

(OH)SS from Eq. 4 leads to Eq. 16,

2
(16) k36 = kzsA/O.l kle(Heoa)ss .

Putting in the value for A at 150 w/cc of reactor radiations and set-
ting (H202)ss equal to the value of 1.7 x 1073M calculated for pure

vater gives, kyg= 1.8 x 1073 k__. Then, if k,_ equals, say, 109,

25 25
kyg must be greater than 1.8 x 10° sec'l,M-l,z in order to eliminate
the scavenger reaction.

It is interesting to note that Eq. 16 predicts a power density
dependence for the required ratio of k36 to k25 unless (H202)ss is
proportional to Il/e. As noted previously (Eq. 3) the rate of in-
crease of (H202)Ss in scavenger solutions is much less than that ex-
pected for a square-root dependence. Hence, the required ratio of k36
to k25 increases with increasing intensity. As a result, the possi-
bility must be recognized that the extent of scavenger action will
increase with increasing intensity. The particular case in which no
scavenger action occurs at low intensity has not been analyzed complete-
ly by computation but it is very likely that the ratio of (H202)ss to
(OH)SS is independent of I in this case. Accordingly, no change in
scavenger action with increasing intensity is expected in this case.

2. Intermittent Irradistion.

For systems in which the solution is intermittently exposed to

radiation, reaction 36 mey be of importance even though k 6 is so low

3
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that it is not important in comparison with reaction 25 during irradi-
ation. For example, assume that k36 equals lO3 and (H202)ss equals

+(n-1)

3 x lO'3M. The rate of destruction of S after irradiation is

expressed by Eq. 17 if it is assumed that (H202) does not change ap-

preciably during the reaction of S+(n'l) with H,0,.

+(n-1)
an a0 L k(v (57

Integrating and substituting velues for k36 and (H202)SS

S+(n-l) ) -6t
+n-l) =€

(18)
(s

o)
Equation 18 shows that the (S+(n'l)) is reduced rapidly under these as-
sumed conditions; for example, to 5 per cent of the initial value in
0.5 sec. The importance of this consideration is that the maximum

concentrations of S+(n'l)

which are recorded during intermittent ir-
radiations at low intensities may be appreclably less than those which
would prevail during continuous irradiations at the same intensities.
If this is the case it is probable that the concentrations of other
radiolytic species would also differ from the one irradiation

procedure to the other. In our considerations of relationships be-
tween radiolytic behavior and exposure parameters, it has been assumed
that steady-states are reached which are representative of those pre-
vailing during continuous exposure. We do not understand how to employ
results such as might be obtained in intermittent irradiation experi-

ments in these considerations.

B. Comparisons Between Reactions 25 and 37
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1. Gontinuous Irradiation, .
Making assumptions analogous to those for reaction 36, Eq. 19 must

prevail in order to suppress reaction 25,

+{n-1) (S+(n-l))
ss’

(19) k25(OH)SS(S )ssvzr 0.1 k37(HO

2)ss
and Eq. 20 is obtained from Egqg. 19.
(20) k.= K A .

37 22
o1 FolBx0p)(HOL) o

Substituting the value for A at 150 w/cc of reactor radiations, setting
o) g 18 107,

(i.e., near the maximum value calculated for (HOe)ss) gives,

k37::> 3.2 x 10'2k25.In practice,if reaction 37 does occur importantly,

the (HOE)ss would probably be less than 10'5M, but there is no way of

(H202)Ss equal to 1.7 x 10'3M, and assuming that (HO

simply estimating the actual concentration.

It should be noted that the pKa of HO., is about 4.4 so that the

2
pH of the solution must be below about 4 in order that the full concen-

tration of HO +(n-1)

2 be avallable for reaction 37. The reaction of S
with O; is probably much slower than with H02.

The results of the calculations show that the ratio (HOa)SS/(OH)ss
decreases with increasing intensity in scavenger solutions. Hence, the
value of ratio of k37 to k25 required to suppress reaction 25 probably
increases with increasing intensity. The significance of this with
respect to expected changes in extent of scavenger effects with chang-
ing intensity is analogous to that discussed above for reaction 36.

2. Intermittent Irradiation.

The expected maximum (HOa)SS of about 10°°M is insufficlent to
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effect significant changes in S+(n'l)

after irradiation. Therefore, no
difference is expected between continuous and intermittent irradiations
if reaction 37 predominates.
C. Comparisons Between Reactions 25 and 38.
1. Continuous Irradiation.

Making assumptions analogous to those for reaction 36, Eq. 21

must prevail in order to suppress reaction 25,

(21) k25(OH)SS(S+(n'l))SS< 0.1 k38(H+)(s+(n'l))ss,

and Eq. 22 is obtained from Eq. 21,

(22) k., o=k A
3 6% k) o(H05) (HY)

Again setting A at the value for 150 w/cc of reactor radiations, set-

equal to 1.7 x 10'3M, and assuming that (H+) equals 1073M
L

k25'
pected to change in direct proportion to changes in (H+). It may be
+(n-1)

ting (H202)ss

gives, k38::> 3.6 x 10~ This relationship is, of course, ex-

noted that S and H+ are produced in equivalent amounts under ir-
radiation so that if (H+) is low initially, it mey become appreciably
higher during irradiation.

The ratio of (H+)Ss/(OH)ss decreases with increasing intensity.
Accordingly, the relative importance of the scavenger reaction 25 in-
creases with increasing intensity.

2. Intermittent Irradiation.

On the bases of considerations analogous to those discussed for
reaction 36, it is apparent that reaction 38 may produce important

changes in solution during short intervals between irradietions even
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though the reaction is unimportant during irradiations. Therefore, the
results of experiments employing continuous irradiation may differ from
those in which irradiation is intermittent.

D. Formation of S+(n'l)

with Non-Scavenger Reactions

The possibility of appreciable (S+(n'1))ss formation exists when
non-scavenger reactions are important just as it does when the scaven-
ger reaction (reaction 25) predominate. The probability of appreciable
(S+(n'l)) formation is thought to be greatest when scavenger action is
least. The belief is based on the consideration that the rates of the

non-scavenger reactions are likely to be low compared with the rates of

reaction 24,

X. Effects of (HESOM) on Radiolysis of Poison-Control Solutions
A. Effect of (H')
As mentioned previously, the conversion of e'aq to H according to

reaction 22 has a beneficial effect on the (H2 in otherwise pure

)ss
water under exposure to reactor radiations. A much greater beneficial
effect can be expected in the poison-control solutions since, with the
possible exceptions of Sﬁ+3, the poison-control cations probably do not
react with H at appreciable rates. Thus, if the (Hf) is made suf-
ficiently large, all scavenger action and all possibility of appreci-
able (5*® 1)) formation as well would be eliminated. The (H') requir-
ed can be estimated by assuming that the rate of reaction 22 must ex-

ceed that of reaction 24 by a factor of ten in order to suppress the

latter reaction. That is,

(23) ky,leT ) (@) < 0.1 kyy(H)(e, ).
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The required (H+) is then,

k
(24) (5 )>o0.1 Egk——ﬁ , or
22
(25) (H+):>-l.8 X 10710 ky), & at 90°¢.

10 and 3 x 10'3, the (Hf) must

Now if k) end (a) equal 5 x 10
exceed 2.7 x lO“eM. (a factor of two-thirds reduction could be obtain-
ed at (H+) equal to 8 x 10-3M.) Proportionately higher or lower (H+)
are required as the product keu(a) is increased or decreased.

B. Effect of (HSOu")

As noted in Tsble 6, HSO) ™ reacts with OH (reaction 39) to
initiate a scavenger reaction. Presumably the (HSOM') at which this
reaction becomes important should not be exceeded. This permissible

(BS0, ") can be estimated by assuming that the rate of reaction 39 must
N

not exceed one-tenth the rate of OH reaction with H2 and H202.
(26) k39(0H)ss(HSOI+ )< O'l(k12(OH)ss(H2)ss + k11+(0H)ss(H202)ss)

Introducing values for k;,, k) and k39, and assuming (H2)ss equals
(H202)ss’
- o}

(27) (HSOA )ma£<: ll(He)Ss Mat 90°C.
It is apparent that the value of (HSOh') at the permissible limit
defined here depends upon the (Ha)ss and (H202)Ss which occur in the
absence of a HSOA' effect. It is therefore dependent upon the radiation
intensity and upon the occurrence of other scavenger action. Thus, in
pure water at 0.5 w/cc of reactor radiation, the addition HSOA- at a

concentration greater than 1.1 x 10'3M will produce some scavenger

action. At 150 w/cc the HSOh- concentration may be as high as
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1.9 x 10'2M before any appreciable scavenger action occurs. Now if the
(HE)SS equals say 107 in any system as the result of action of other
scavengers, HSOu' may be added at a concentration of 0.11M without
producing any additional scavenger action. Turning the argument around,
it also seems likely that HSOH' at a concentration of 0.1l in otherwise

pure water would produce a (H2)ss of less than 0.01M (~ 200 psi).

XI. Design of Experiments for TWMR Poison-Control Solutions

A. Effects of Reduced Species on the Design and Objectives of
Experiments.

In designing experiments to study radiolysis of the poison-control
solutions, it must be recognized that a significant concentration of
reduced species may exist during irradiation. The possible presence of
the reduced species will affect the design and/or the objectives of the
experiments in several ways.

1. Intermittent vs. Continuous Irradiation.

As previously discussed, the reduced species may undergo an ap-
preciable amount of reaction with H202 or water after irradiations
even though these reactions are not importent during irradiation in
comparison with the reaction between the reduced species and radicals.
Accordingly, the steady-state concentrations during continuous and
intermittent irradiations may differ. Also, it is likely that the
amount of difference will change with I. In order to eliminate un-
certéinties in the effects of intermittent irradiation on the concen-
tration of the reduced species, and to simulate as nearly as possible

the steady-state conditions in the TWMR, it will be necessary to employ
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continuous irradiations. A circulating loop experiment of the type
proposed previously,l or of the type which has been tentatively
considered with the ETR-boric acid loop will not be suitable. Of
course, if it can be shown that the concentration of reduced species
is negligible in a given solution, that solution can then be studied
in a circulating loop.

2., Change in Concentration of H2 After Irradiation.

If an appreciable amount of reduced material is formed, there is
a possibility that the concentration of H2 may change appreciably after
irradiation is stopped. This is because radicals (OH and H) are formed
in reactions of the reduced species with H,0, and H*, and these will
lead to recombination of H2 and Ho0, through the chain reactioms, 12
and 21 (Table 6 of Ref. 1),

12, OH +H, ——> HO +H,

2

2l. H + H202 > HEO + OH.

Hydrogen gas msy also be formed by reaction of precipitated, reduced,

material with water. If the (H is to be determined from measure-

2)ss
ments of hydrogen concentration carried out after irradlation, the
measurements must be completed before the concentration changes ap-
preciably from that prevailing during irradiation, or the rate of dis-
appearance at appropriately short delsy times must be determined and
the results extrapolated to zero time. Order of magnitude estimates
of the delay times which would be tolerable under extreme conditions
have been estimated as follows:

+(n-1)

a. Assume S disappears by reaction with H202 in reactor
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experiments,

+(n-1)

36. HO, + S —» OH + OH™ + 52 |

+( n-l) )
S8

The maximum (S which can occur is that given by Eq. 2&

+(n-1) F
(28) (s ). TR
5] k36 H202 ss
where F is the rate of production of e-aq’ Eq. 28 was derived by as-

suming that all e'aq react with S*° to form S+(n'l) (that is, that

. +n +(n-1)
k9(H202) is small compared to kgh(s ), and that S

+(n-1)

reacts only

with H,0,). In practice, the rate of S
S+(n'l)

formation may be smaller,

and other reactions of mey be important. In either of these

+(n-l))
ss

events, the value of (S will be less than the value given by

Eq. 28. Eq. 29 follows from Eq. 28,
F

(29) kyg(H0p)gq = “HmI)y” -

ss
The change in (S+(n'l)) after time (t) following irradiation is given

by Eq. 30 if it is assumed that (HEOE) does not change appreciably
as a result of the reaction 36 or other reactions.

-l
(30) g-g—n)—)l = e ¥36(H00) gt

S8

Estimates of changes in S+(n'l) based on Egs. 29 and 30 for several
power densities of reactor radiastions, and for several assumed values
of (s+(n'l))Ss and delay times are listed in Table 13. Also listed
are values for estimated total and percentage changes in (He). Values
for total changes in (HQ) were obtained by assuming that each OH led to
the reaction of five H, to form water. The calculated values of (H2)ss

shown in Fig. 2 were employed'in arriving at percentage changes. These
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estimates indicate that the results of measurements as a function of
delay times of 1072 o 107! sec will ensble evaluations of (H2)Ss at
all power densities which are likely to be used in reactor experiments.
Because of the extreme conditions assumed in these estimates, it is
likely that somewhat larger delay times can also be used.

It may be noted that the actual measurements of (H2) need not be
made at the given delay time. It is only necessary to suppress the
reaction between OH and H2 at the desired time. This can be accomplish-
ed by mixing a scavenger for OH into the solution (for example, H202)
or by stripping the H2 from the solution. The measurements of the
amount of H2 can then be made at any time.

It may also be noted that if the delay time is lO-3 sec the dif-
ference between (H2) and (HE)ss will be negligible.

b. Assume S+(n-l)

Disappears by Reaction with H202 in Van
de Graaff Experiments.--Estimates of changes in (S+(n-l)) and (HE)
after exposure to Van de Graaff electrons were made by the method
described in the preceding paragraphs. The results are listed in
Table 14. They indicate that measurements of hydrogen concentration
as & function of delay times of 10'l+ to lO'3 sec would be suitable at
low intensities. However, at 50 to 150 w/cec 1t may be necessary to
make measurements within 1072 %o lO"+ sec after irradiation.

c. Assume S+(n'l) Disappears by Reaction with Hydrogen Ion.-
If it is assumed that S+(n'l) disappears by reaction with H&, the maxi-

+(n-l))

mum (S o Which can occur is given by Eq. 31.

S

(1) (s*elly - F
« ss k38(H+)
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The meximum change in (S+(n'l)) a given time after irradiation is given

by Eq. 32.

+(n-1) _kaa(H*
(32) EE?TETIT%'“ . o-E38(HD)E

ss
Egs. 31 and 32 are analogous to Egs. 28 and 30, and the results of
estimates for reactor radiations and Van de Graaff electrons are the

+(n-1)

same as those described for the cases in which the S reacts with

H30,.
d. Assume Precipitated, Reduced, Material Reacts with Water

to Form HE.--Estimates,of the maximum changes in the amount of reduced
material which can occur in a given delay period can be made by the
methods employed for the H202 reaction with S+<n'l), and the results
are the same as those for the H202 reaction. However, no chain re-
action of the product occurs in this case so that the maximum per-
centage changes in (H2) after a given delay period are smeller.

The results of these estimates show that the (He)ss in reactor
experiments must be measured during exposure to radiation, or the (H2)
must be measured or the reaction affecting (HE) must be suppressed

2 t0 107 sec. of course,

after delay periods which do not exceed 10~
if it is demonstrated that nc change in (HQ) occurs after irradiation,

the (H2 can be measured at any time. In the event that H2 is

)ss
produced by reaction of precipitated material with water, the reaction
cannot be suppressed, and it will be necessary to evaluate the amount

of H2 produced in this way from other information regarding the amount

of precipitated material.
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For electron irradiations, the results of estimates show that the
(HE) must be measured after delay times which do not exceed 1072 to
N

1077 sec in high power density experiments, or, alternatively, that the

(H be measured during exposure.

2)ss

3. Solution Stability.

Because of the possibility that an appreciable concentration of
reduced solute may be formed, there is also & possibility that a solu-
tion will be unstable to some extent during irradiation. That is, the
reduced material may precipitate on surfaces or form suspended solids
faster than precipitated material is redissolved. Loss of solute from
the solution by precipitation on surfaces would affect the interpre-
tation of the results of measurements of radiolytic gas pressures, and
also affect the usefulness of the solution in the TWMR. Formation of
suspended solids would also affect the interpretation of the experl-
mental results but would not necessarily affect the usefulness of the
solution if the life-time of suspended solids were sufficlently short.
Accordingly, it will be necessary to evaluate the stability of a solu-
tion under irradiastion as well as the extent of radiolytic decompo-
sition of the solvent.

B. Other Experimental Requirements

Other experimental requirements which may be restated here are:
(1) the temperature should be closely controlled since steady-state
concentrations are temperature dependent, and (2) the ratio of neutron
to y-energy deposition rates in HEO in reactor experiments should be

the same as that expected in the TWMR if the experimental results are
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to be extrapoleted to TWMR conditions without benefit of a complete
knowledge of radiolytic yields, reactions, and rate constents.

C. Methods of Determining (HE)ss‘

As stated previously, the initial experiments must be designed to
measure (H2)ss during irradiation or within a very short period after
irradiation. Several methods of determining (HQ)SS at zero or short
delay times have been considered,

1. Determinations of (H2)ss

a. Measurement of Pressure Above Irradiated Solutions.-One

During Irradiation.

method which has been considered is that of measuring the pressure
generated within a gas phase in contact with the irradiated liquid.
This method is complicated since any gas space large enough to be use-
ful in measuring equilibrium gas pressures would contain a large
fraction of the gas within the system, and the gas would be rich in Hé

since, in general, a majority of oxidant exists as H202. Excess oxi-
dant would thus be formed in solution and would alter the radiolytic
behavior. It is, of course, possible to add H, and to vary the ratio
of volumes of gas to liquid spaces in order to alter the fraction of Hy
which is in the ges space. However, even with such modifications, it
may not be possible to achleve s steady-state in which the concen-
tration of excess oxidant is near a value of interest (C-values rang-
ing from zero to about -2 x 10™M are of interest).

Thus, consider a system in which no H, is added initially. The

relationship between O and other parameters in this system is given by

Eq. 33,
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v 1-2K"
33) av, = & P (CE—)
G ov, = £ P
where V, and Vg are the volumes of liquid and gas spaces in an auto-
i, 4
clave, R is the gas constant (1.21 —==2—) K” is the ratio of the

mole, K
pressure of O2 to that of H,, and P’is the observed gas pressure during

irradiation. Typical values of K” given by the results of calculations
for reactor radiations are near 0.1 for O near zero. However, the value
of K"probably increases with increasing values of . Since the value
of & increases with increasing P; the increase in pressure may be lim-
ited only by the increase in K”. (Radiation induced recombination in

the gas phase may also aid in limiting the pressure). The observed
pressure in this case is of no interest in this work. Certain experi-
mental results reported by others can be regarded as support for these
conclusions (Ref. 6, p. 577).

Now if H, is added to the system while the pressure is high, the
value of & will decrease, and a condition should be reached, as H, is
added, in which the pressure starts to decrease as a result of the re-
combination of H, and oxidant. This decrease will reduce the value of
¢ still further and result in additional recombination of H, and oxi-
dant. The system is not completely understood and it is not known
whether the pressure would decrease to that of the added H, or level
off at some intermediate value. In the event the latter behavior
occurs, it is likely that the & value could be adjusted as desired,
and the system would be useful in determining the steady-state concen-

trations of radiolysis products. It may be added that the behavior of
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the system when H2 is added initially is also not understood. In this
case there is a possibility that, once started, the pressure continues
to rise to a value limited by the increase in K.’
Experiments are required to establish the behavior and possible
usefulness of this system.

b. Measurement of V vs P In a One-Phase System.--In principle,
the vapor pressure of a gas dissolved in solution can be determined by
measuring the overpressure at which gas bubbles form in solution. In
irradiation experiments, such measurements would be carried out using
an autoclave system completely filled with solution and connected to
equipment outside of the radiation zone and shields by means of a small
tube which would also be filled with solution. An increase in the
level of the liquid in the tube as the overpressure is decreased will
indicate the formation of gas-vapor bubbles within the autoclave. In
practice, the sensitivity of the method will be affected by supersatu-
ration, and the sultability of the method must be established experi-
mentally, It seems likely that a fair degree of accuracy can be a-
chieved in reactor experiments where the expected minimum gas pressure
at 0.5 w/cc is about 2 psi. It 1s less likely that this method would
be suitable for use in Van de Graaff experiments where high power
densities and vigorous stirring are employed and where the expected
minimum pressures range from about 0.2 psi at 4 w/cc to 1 psi at
150 w/cc.

2. Determination of (H2)ss After Irradiation.

The possibility of determining the steady-state concentration of
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H2 during exposure from the results of measurements carried out after
exposure has been mentioned previously. These post-irradiation measure-
ments of H2 must be accomplished during short delay times, or the

possibility of back reaction of H, with OH must be eliminated during

2
the short delay times by separating the gas from the solution or by
adding a scavenger of OH to the solution. The permissible delay times
for Van de Graaff experiments are so short that it seems unlikely that
post-irradiation measurements are feasible. The delay times may be
greater in reactor experiments (lO'2 to 107t sec), and it is likely that
provisions can be made for mixing the solution with an OH scavenger
within the permissible delay periods. However, further consideration
of mixing methods and some experimentation are required to establish
the suitability of this method. The separation of the gas from the
ligquid within short delay times is less likely to prove feasible.

3. Summary

No simple method is available for determining steady-state concen-
trations of radiolytic gases in solutions. Several methods have been
considered which may prove suitable for accomplishing these determi-
nations in reactor experiments. It is believed that the method in
vhich measurements are made of the pressure at which gas bubbles form
holds the most promise. Experimental work is required to establish
the accuracy which can be achieved with this method or with any of the
other methods considered. The methods of determining (H2)SS from
measurements made after irradiations are probably not feasible in Van

de Graaff experiments. Also, other methods are less likely to prove
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feasible for Van de Graaff than for reactor experiments because of the
low concentrations and low solution volumes which will prevail in the
former experiments.

D. Methods of Determining Solution Stability

The obvious and most feasible method of determining whether solute
is lost from solution is to expel the solution from the autoclave during
irradiation and then determine the concentration of the solute in the
expelled solution. A fine filter at the entrance to the sample line
will retain suspended solids in the autoclave. The sensitivity of this
method will be directly proportional to the sensitivity of the chemical
analyses. Presumably, sensitivities of about one per cent or better
can be achieved.

In-pile as well as Van de Graaff experiments can be equipped to
carry out determinations of loss of solute. It may be noted that these
stability experiments may be separate from those designed to measure
gas concentrations. No gas space will exist in a stability experiment,
and expulsion of the solution will be accomplished by compressing the
autoclave.

XII. Recommended Experimental Program

Discussion.--The experimental approach which will be required will
depend to a large extent upon whether scavenger action or an appreciable
concentration of reduced solute or both are expected in the solution of
interest. If valid reasons exist for believing that neither scavenger
action nor reduced solute occurs in a given solution, the concentration

of radiolytic products can be determined in an autoclave experiment in
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which the solution is withdrawn and analyzed at a convenient time. A

loop can also be employed if this is desirable. The maximum pressure
which will occur at TWMR intensities can be confidently predicted from the
results of measurements at some low intensity (say 0.5 w/cc in the LITR)
using the square-root relationship. In order to add confidence to the
predicted values it will be desirable to carry out an experiment at an-
other, higher intensity, (say 5 w/cc in the ORR or 15 w/cc in the ETR), On
the other hand, if scavenger action or appreciable reduced solute or both
may occur, the experiments must be of the type in which continuous irradi-
ation is employed and (He)ss is determined during or shortly after irradi-
ation, The solution stability during irradiation must be determined over
a range of power densities up to intensities comparable to those of the
TWMR in order to demonstrate that the solution will be suitable in TWMR.
Van de Graaff experiments at intensities up to 150 w/cc can be employed
for these solution stability studies. Assuming that the solution is stable,
it will be necessary to show whether a scavenger action occurs, and, if
so, the extent of the scavenger action in in-pile experiments at available
intensities (say 0.5 w/cc in the LITR). If no scavenger action occurs,
the maximum pressures at TWMR intensitles can probably be predicted from
the low intensity result using the square-root relationship, but ad-
ditional computer calculations and, possibly, additional experiments at
higher intensities are required to confirm this. If scavenger action
occurs, additional computer calculations and, possibly, additional ex-
periments at higher intensities are required to determine the maximum

pressure at TWMR intensities. Van de Graaff Experiments to determine
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(H,) g5 over a range of intensities up to 150 w/cc would aid greatly in
extrapolating the results of low intensity reactor experiments.

There is reason to believe that no scavenger action will occur in
certain solutions in which the (H+) exceeds a value which is dependent
upon the rate constant for reduction of solute by e;q and upon the con-
centration of solute. Assuming that separated isotopes are employed,
the concentrations of (H') required in solutions of Gd,(80,)5 and CAsO,
are about 0.0014 M and 0.3 M. There is reason to believe that boric
acid will not be reduced by e;q but it may react with OH. The product
of the OH reaction would probably react with reducing radicals; thus a
scavenger action with H,BO0; may occur. Sm,(S0,); may react with H as
well as e;q so that additions of H+ will not necessarily eliminate
scavenger action or reduced solute.

A summary of an experimental program for evaluating the stability
and gas generation of poison-control solutions in the TWMR is given in
Table 15. Most of this summary was developed during a conference
attended by H. W. Davison and M. Krasner of lewis Laboratory and
E. q. Bohlmann, J. C. Griess, and G. H. Jenks or ORNL.

Program for Cadmium Sulfate Solution.--It has been decided by lLewis

ILaboratory that solutions of CdSO4 having a pH of about 2 should receive
first consideration in the experimental program. There is a possibility
of formation of reduced solute and of scavenger action with this solu-
tion. The proposed experimental program for this solution is the
following:

A. Design and develop equipment and procedures for investigating
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the steady-state gas pressure and the solution stability during expo-
sure in the LITR. An important part of this development will be mea-
surement of the rates of energy deposition in H,0 of neutrons and y-rays
and their adjustment to a ratio near that which will prevail in the TWMR
(two neutrons to one y-ray).

The gas pressure experiments will be of the autoclave type. BEquip-
ment and procedures will be included for expelling and collecting the
solution, and for analyzing the collected solution at a convenient time.
Facilities will also be included for determining (H2)SS during or short-
ly after irradiation by some method yet to be developed. As discussed
previously, the bubble formation-pressure method is considered promising
and this method will be tried first. It is expected that in-pille experi-
ments with H,0, D,0, and possibly other solutions in which the steady-
state concentrations are known, will be required in the development and
testing of the bubble formation method (or alternative method). It is
not anticipated that forced convection will be required to control tem-
perature in LITR experiments. The autoclaves will be constructed of
Zircaloy-2.

The experiments for determining solution stability will also be of
the autoclave type. Equipment and procedures will be provided for ex-
pelling the solution through a filter and analyzing the separated solu-
tions. Area to solution volume ratios will be one of the controlled ex-
perimental parameters.

B. Design and develop equipment for determining the stability of
solutions during exposure to Van de Graaff electrons at dose rates up to

150 w/cc. These experiments will also be of an autoclave type. Equipment
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and procedures will be provided for expelling the solution through a
filter during irradiation and analyzing the separated solutions. As
part of the development work for experiments, it will be necessary to
design equipment and techniques which will enable adequate temperature
control at the high radiation power densities which will be used. Thin
layers of solution in contact with conducting surfaces, or stirring of
somewhat thicker layers are possible approaches. The maximum volume of
solution which can be employed is about 0.3 cc. Surface area to solu-
tion volume ratios will be one of the controlled parameters.

It will also be necessary to determine and, possibly, make provi-
sions for controlling the uniformity of the electron current over the
surface of the autoclave cell. The relationship between observed cur-
rent and dose rate in the solution must also be determined.

C. Determine steady-stage concentrations in H,0 and D,0 in the
ILTTR at (1) several concentrations of excess H2 and D2, for example,
Q-values of O, -5 x 10'4, -1 x 1073, -2 x 10-3, and possibly lower,

(2) at several concentrations of sulfuric acid, for example, pH 7, 5,
3, 2, and 1, and (3) at several temperatures, for example, 60, 75, 90,
and 110°C.

D. Determine steady-state D, concentrations in the LITR for D,0
solutions of Cds0, at pH 2, O equal to zero, and temperatures of 60 to
90°C. Also confirm solution stability if indicated by Van de Graaff
studies.

E. Determine solution stability under irradiation by Van de Graaff
electrons at intensities up to 150 w/cc. Ranges of concentrations of

excess H,, pH and temperatures similar to those mentioned in (C) should
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be tested. The Van de Graaff experiments will provide a severe test
of solution stability. That is, instability is most likely to appear
during electron irradiations.

F. The work which will follow will depend upon the results obtained;
especially the results of D and E.

1. If the (D,) observed in (D) is above about 2.3 x 1072 M,
it is very likely that the (D2)SS in the same solutions and at the same
temperature in the TWMR will exceed the tolerable limit of about
2.5 x 10" M. An increase in the (D+) or addition of excess D, or both
may reduce the (Dz)ss during irradiation to a level at which the solu-
tion may hold some promise for use in TWMR. The effects of such solu-
tion composition changes should be tested.

2. If the (D,)gg is below 2.3 x 1072 M, and the solution is
stable, there is a possibility that the solution will prove useful in
the TWMR. Additional experiments and considerations of experimental
results, including the following, should then be carried out.

a. In-pile experiments to determine radiolysis under con-
ditions of interest should be performed.

b. Employ results in computer calculations to determine
the probable (Hz)ss at TWMR conditions, and the probable uncertainty in
the extrapolated value. Possible values of rate constants for different
reactions of the solute would be assumed in these calculations in order
to estimate the uncertainty in the extrapolated value.

G. Depending upon the results obtained in (F), including the re-

sults of analyses of the data, it may be desirable to carry out additional
in-pile experiments at higher intensities to provide for better extra-

polation to TWMR fluxes; however, design of such experiments must depend
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heavily on the experience and results obtained in the program described
above. Temperature control will, of course, be more difficult in these
higher power density experiments.

A similar procedure would be followed in the investigation of other
poison-control solutions with the exception of those for which neither
scavenger action nor appreciable reduce solute are believed possible.
Acidified solutions of Gd2(804)3 comprise the latter class. However, it
is believed that stability experiments employing Van de Graaff irradi-
ations would also be made with Gd?_(SO4)3 solutions in order to uncover
unforeseen factors, if any. A few in-pile experiments with these solu-
tions will also be required. Investigations with HBBO3 solutions would
include experiments with solutions containing boron-11, but no boron-10,

in order to determine scavenger action of H;BO,.
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APPENDIX I

Derivation of Final Terms in Egs. 5b and 1b

These terms were derived by equating rates of formation and dis-

appearance of s and S+(n-l) according to reactions 24 and 25. For
example,
+n
a(s™)
88 . _ +(n-1) - +n
- =0 =k, (0B)__(8 )Ss-k24(eaq)ss(8 ) o
also
(S+(n-l)) s (S -
or
+ +(n-
(5" = a -(sF @)
then

k25(OH)sS(S+(n-l))SS =ak24(e- ) -k (e_ ) (S+(n"l))ss

aq’ ss 24 aq’ss
and
k -
(S+(n-l)) N ® 24(eaq)ss
ss -
k24(eaq)ss + k5 (0H)
. X i +(n-1)
Now according to reaction 25, OH reacts with S . The rate at
which OH is lost in this reaction is just
k,,(e” )
- 24" aq’ss
k25(OH)ss(S+(n l))ss = ak25(0H)ss k., (e7 ) +gk (OH)
24 eaq ss 25 ss

The term on the right is the final term in Eg. 1b on p. 4. The

appropriate terms for the other equations on p. 4 are derived similarly.
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An Evaluation of The Chemical Problems
Assoclated With The Aqueous Systems in The
Tungsten Water Moderated Reactor, Addendum 2,

J. C. Griess

Corrosion of Hard-Coated Aluminum Specimen

Three hard-coated 6061-T6 aluminum specimens were subjected to test
in water and in a cadmium sulfate solution, and a fourth specimen was
sectioned to determine the thickness of the coating. The specimens were
supplied by Mr. H. W. Davison. The manner in which the specimens were
coated was not specified except that an anodizing procedure was used.
The initial film thickness on the specimen that was sectioned was 0.00l
in., and the surface hardness was 357 diamond pyramid hardness (35 Rock-
well C).

The conditions of exposure and results were:

Environment Tempeggture, T;me, wt. Chanée,
r cm
0.2M CdSOh 150 1000 - 1.2
H20 30 1380 + 0.1
H0 150 1500 + 0.8

In all cases the specimens retained their original appearance and
no visible deposits were present on any of the surfaces. The specimen
exposed to the cadmium sulfate solution was treated with &M HNO3 at
60°C for 30 minutes after the first 50-hr exposure and again at the end
of the test to remove sbsorbed cadmium, Analysis of the nitric acid

solution indicated that after 950 hr the surface contained 12 pg of

cadmium/cme; at the end of the test, cadmium on the surface amounted to
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39 ug/cme. It is probeble that the two nitric acid treatments of the
specimen accounted for at least some of the weight loss observed at the
end of the test,

Similar tests in which untreated saluminum specimens were exposed
to 0.2M CdSOu at 15000 showed heavy corrosion of the aluminum accompan-
ied by the deposition of large amounts of metallic cadmium on the sur-
face of the a.lu.minum.l The hard-coat on the aluminum, therefore, was
very beneficial in protecting the aluminum. It is highly improbable,
however, that a system as complex as the poison-control system of the
TWMR could be coated completely after assembly by such a process. Any
uncoated areas or regions where cracks or defects in the coating occur

would be subject to attack.

1. c. Griess, G. H. Jenks, D. M. Eissenberg, and E. G, Bohlmann, "An
Evaluation of the Chemical Problems Associated with the Aqueous System
in the Tungsten Water Moderated Reactor," ORNL-TM-913, August 196k,
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Table 6. Reaction of Probable Importance in Radiolysis

of Poison~Control Solution

Rate Assumed
Constant gt Activation
Reaction or near 25°C Energ,s_r
Number Type Reaction (sec™*, M1, 5 (Keal,M 1)
Reducing a
+3 - 10
31 Sm - + eaq — SmIT 2.5 x 10 3
+3 - 88
32 Gd ~ + eaq — G4IT 5.5 x 10 4.5
2 b
33 ca’ + e, 7 CdI 5.8 x 1020 3
34 H,BO, + e~ H,B0, + H - -—-
Oxidizing
- + -
25 Scavenger S+(n 1) + OH — S 4 ooH ——— _———
R +2 +3 - BC
Comparison Fe " + OH —— Fe  + 0H 2.9 x 10 -—-
+ -
Comparison EuII + OF ——— Eu'~ + OH 3.8 x 10° -
- c
Compari son sn*? + O ~——— SuIII + OH 2 x 10° -
- +
35 Scavenger SJr(n l)+ H——S moy H2 —— ———
+2 H+ c
Comparison Fe' " + H ——— Felll + H, 1.6 x 107 ---
- + -
36 Non-scavenger S 1y 1,0, 5" +0H+ OF —— ——
+3 -
Compari son Fe'? + H,0, — Fe "+ i+ OH 56° ---
+3 -
Comparison Fet? 4 D,0,—— Fe "+ 0D+ OD 21° -
+
- +
37 Non-scavenger  s'*"Dy po L, 8" 4 10, —— ——
+
2
Comparison Fe+ + HO, ——l{—) Fe+3+ Hy0, slow
- +
Non-Scavenger S+(n l)+ H+———> s+ H - ———
H,50, Reactions
- - c
39 HSO, + OH —— HSO0, + OH 2.1 x 10° 10
40 Scavenger HSO, + e ———>HSOZ - _—
aq
- +
41 Scavenger HSO, + # ——HS0, + H —— —
- - +1n
42 Scavenger HS0, + S+(n l)——> iso, + s _— -
®Ref. 8 dRer. 13
PRef. 9 ®Ref. 14
“Ref. 12 fRer. 15
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Table 7. Additional Reactions of Possible Importance in Radiolysis
of Poison Control Solutions

Number Reaction
43 am™ +H — smII +H
4l gt(m-1) 0, st 4 HO, + OH
45 S II +e” — SmI
aq
46 Sm T+ SmII— Sm° + Smt°
47 Cd I +e- — al
aq
48 CAT +CdI — 03 + cat?

49 H,;BO; + OH — 2
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Table 12.
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Calculated Concentrations of Radiolytic Products in
Scavenger Solutions Under Electron Irradiations

Concentration (M) at IListed
Radiation Intensities (w/cc)

Species
150 50 0.5
OH 3.39E-8 1.39E-8 2.10E-10
H,0, 4 TTE=4 4 .32E~4 3.05E-4
0, 3.75E-5 9.12E-6 1.32E-6
HO, 5.25E-6 2.83E-6 3.49E-7
H, 5.50E~4 4 4GB 2.97E-4
e;q 7.40E-10 2.57E-10 2.79E-12
H 3.32E-9 3.65E-9 1.79E-10
s 2E-2 2E-2 2E-2
gt(n-1) 2.0E-5 1.7E-5 1.2E-5
H,0,/0H 1.4E+ 3.1+ 1.5E+6
HO, /OH 1.6E+2 2.0E+2 1.7E+3
Case 5
a =0.02 M
k,, =2.2x 10°
ks = 4.7 x 1010
a = 0.0

~
e}
+
~
fl

1x10°° M
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Figure 2. Calculated (H2)ss in Water Under Exposure to Reactor

Radiations and to Electrons.
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Figure 3. Comparison Between Calculated and Extrapolated

Experimental Values of (H,) , in Water Exposed to Reactor Radiatioms.
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Figure 4. Calculated (H,) . in Hp0 with Varying Amounts of
Excess H,. Reactor Radiations ?Hydrogen Ton Concentration - 10™° M).
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Figure 5. Calculated (H,)., in H,0 with Varying (H'). Reactor

Radiations Unless Otherwise Noted.
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